

















7KH OLIW KHLJKWRIPRVW LQODQGQDYLJDWLRQ ORFNV LQ WKH)OHPLVK UHJLRQRI%HOJLXP LV OLPLWHG WRP)RU
WKHVH ORFNV RSHQLQJV LQWHJUDWHG LQ WKH ORFN JDWH VHDOHG E\ YHUWLFDO OLIW YDOYHV RU EXWWHUIO\ YDOYHV DUH
FRPPRQO\XVHGDV ORFN OHYHOOLQJV\VWHP7R LPSURYH WKHVSUHDGLQJDQGHQHUJ\GLVVLSDWLRQRI WKH ILOOLQJ
MHWVDQGKHQFHUHGXFH WKHK\GURG\QDPLFIRUFHVRQWKHPRRUHGVKLSVEUHDNLQJ ORJVDOVRUHIHUUHGWRDV
HQHUJ\ GLVVLSDWLRQ EDUVPLJKW EHPRXQWHG DW WKH GRZQVWUHDP VLGH RI WKH JDWH RSHQLQJV %HHPHW DO
SURYLGHVRPH'XWFKGHVLJQJXLGHOLQHV6LQFHWKHVKDSLQJRIDJDWHRSHQLQJDFURVVWKHWKLFNQHVV
RIDVWHHOJDWHDQGWKHLQWHJUDWLRQRIWKHYDOYHVDUHVRPHZKDWFRXQWU\VSHFLILFLWZDVGHFLGHGWRVHWXSD
JHQHULF SK\VLFDOPRGHO DW )ODQGHUV+\GUDXOLFV5HVHDUFK $QWZHUS%HOJLXP DLPLQJDW GHWHUPLQLQJ WKH




WHVWHG )RU UHIHUHQFH SXUSRVHV WKH ILUVW FRQILJXUDWLRQ GLG QRW KDYH DQ\ EUHDNLQJ ORJV 1H[W WKUHH
FRQILJXUDWLRQVZLWKUHVSHFWLYHO\DQGEUHDNLQJORJVZHUHWHVWHG$WILUVWWKHGLVFKDUJHFRHIILFLHQWVRI
WKH FRQILJXUDWLRQV ZHUH GHWHUPLQHG IRU YDOYH RSHQLQJV UDQJLQJ EHWZHHQ  DQG  RI WKH WRWDO
YDOYH OLIW KHLJKW ,W WXUQHG RXW WKDW WKH LQIOXHQFH RI WKH EUHDNLQJ ORJV RQ WKH GLVFKDUJH FRHIILFLHQW ZDV
QHJOLJLEOH IRU YDOYHRSHQLQJVEHORZDQG OLPLWHG IRUKLJKHUYDOYHRSHQLQJV6HFRQGO\ WKHHIIHFWRI
EUHDNLQJ ORJV RQ WKHHQHUJ\ GLVVLSDWLRQZDV VWXGLHG:KHQDGGLQJ EUHDNLQJ ORJV WKH VSUHDGLQJ RI WKH
ILOOLQJMHWLQFUHDVHGDQGWKHPD[LPXPYHORFLW\UHGXFHGWRDSSUR[LPDWHO\RIWKHYHORFLW\PHDVXUHGLQ
WKHFRUHRI WKH MHWFRPSDUHG WR WKHFRQILJXUDWLRQZLWKRXWEUHDNLQJ ORJV7KH UHVHDUFK UHYHDOHG WKDW WKH
H[DFWSRVLWLRQLQJRIWKHEUHDNLQJORJVZLWKUHVSHFWWRWKHJDWHRSHQLQJDWWKHXSVWUHDPVNLQSODWHLVPRUH
LPSRUWDQW IRU WKH VSUHDGLQJ RI WKH ILOOLQJ MHWV WKDQ WKH DPRXQW RI EORFNDJH RI WKH JDWH RSHQLQJ DW WKH





















YDOYHV LVFRPPRQO\XVHG LQ)ODQGHUV7KHVH OHYHOLQJV\VWHPVDUHFKDUDFWHUL]HGE\FRQFHQWUDWHG ILOOLQJ
MHWV HQWHULQJ WKH ORFN JHQHUDWLQJ UHODWLYHO\ KLJK IRUFHV RQ WKH VKLS LQ WKH ORFN FKDPEHU %UHDNLQJ ORJV
DOVR UHIHUUHG WR DV HQHUJ\ GLVVLSDWLRQ EDUV PLJKW EH PRXQWHG DW WKH GRZQVWUHDP VLGH RI WKH JDWH
RSHQLQJVWRHQKDQFHWKHVSUHDGLQJDQGHQHUJ\GLVVLSDWLRQRIWKHILOOLQJMHWVKHQFHUHGXFLQJWKHIRUFHVRQ








FKDPEHU DQG WR RSWLPL]H WKH JHRPHWU\ RI WKH EUHDNLQJ ORJV IRU WKLV SDUWLFXODU JHRPHWU\ RI WKH JDWH
RSHQLQJ7KHVHFRQGDU\DLPRIWKHVFDOHPRGHOUHVHDUFKLVWRGHWHUPLQHWKHGLVFKDUJHFRHIILFLHQWRIWKH





DQG WKH WHVWHG FRQILJXUDWLRQV LV SUHVHQWHG LQ VHFWLRQ  7KH LQIOXHQFH RI WKH EUHDNLQJ ORJV RQ WKH
GLVFKDUJHWKURXJKWKHJDWHRSHQLQJLVGLVFXVVHGLQVHFWLRQ)RUDQDO\VLQJWKHHIIHFWRIEUHDNLQJORJVRQ
WKH IORZ SDWWHUQ LQ WKH ORFN FKDPEHU ERWK YLVXDOL]DWLRQV ZLWK G\H DQG YHORFLW\ PHDVXUHPHQWV DUH
SHUIRUPHG6HFWLRQGHVFULEHVWKHUHVXOWVRIWKHYLVXDOL]DWLRQRIWKHIORZSDWWHUQZLWKG\HZKLOHVHFWLRQ











PZKHQ OHYHOHGZLWK WKHXSVWUHDPUHDFK7KH ORFNJDWHVDUHRI WKHPLWUHJDWH W\SH ,QWHUPHGLDWH
ORFN JDWHV DUH SUHVHQW WR HQDEOH OHYHOOLQJ RI VPDOOHU VKLSVZLWK D SDUW RI WKH ORFNFKDPEHU LQ RUGHU WR








$ IURQWDO YLHZ IURP GRZQVWUHDP DV ZHOO DV D KRUL]RQWDO DQG YHUWLFDO FURVVVHFWLRQ RI WKH JDWH DUH









V\VWHP LV LQWHJUDWHG LQ WKHPLWUH JDWHV DQG FRQVLVWV RI  UHFWDQJXODU RSHQLQJV LQ HDFKPLWUH JDWH OHDI
SODFHGDW WKHERWWRPRI WKHJDWH KHQFH  OHYHOOLQJ RSHQLQJV SHU ORFN KHDGDUH SUHVHQW (DFK OHYHOLQJ
RSHQLQJLVVHDOHGZLWKDYHUWLFDOOLIWYDOYHPRXQWHGRQWRSRIWKHXSVWUHDPVNLQSODWH(DFKJDWHRSHQLQJ
LVGHOLQHDWHGE\ WKHKRUL]RQWDODQGYHUWLFDOEHDPVRI WKHJDWH7KHVHEHDPVFUHDWHDER[ ZLWK LQWHUQDO
GLPHQVLRQVP[PZLGWK[KHLJKW$WWKHXSVWUHDPVLGHRIWKHER[WKHJDWHRSHQLQJKDVFURVV










)RU UHIHUHQFHSXUSRVHV WKH ILUVWFRQILJXUDWLRQ GHQRWHG&GLGQRWKDYHDQ\EUHDNLQJ ORJV1H[W WKUHH
FRQILJXUDWLRQV ZLWK EUHDNLQJ ORJV ZHUH WHVWHG D FRQILJXUDWLRQ GHQRWHG & ZLWK  EUHDNLQJ ORJV ZLWK
VHFWLRQP[PDQGDGLVWDQFHEHWZHHQWKHEUHDNLQJVORJVRIPDFRQILJXUDWLRQGHQRWHG
& ZLWK  EUHDNLQJV ORJV ZLWK VHFWLRQ P [ P DQG D GLVWDQFH EHWZHHQ WKH EUHDNLQJ ORJV RI
PDQGDFRQILJXUDWLRQGHQRWHG&RIVRPHZKDW ODUJHUEUHDNLQJ ORJVVHFWLRQP[P
DQGDGLVWDQFHEHWZHHQWKHEUHDNLQJ ORJVRIP)RUFRQILJXUDWLRQ&DQG&WKHXSVWUHDPIDFHRI








:LWK UHVSHFW WR HQHUJ\ GLVVLSDWLRQ EDUV DOVR UHIHUUHG WR DV EUHDNLQJ ORJV WKH 'XWFK GHVLJQ PDQXDO
%HHPHWDOSUHVHQWVWKHIROORZLQJWKUHHJXLGHOLQHV
· *XLGHOLQH  7KH EORFNLQJ E\ WKH HQHUJ\ GLVVLSDWLQJ EDUV VKRXOG EH DW OHDVW  RI WKH
GRZQVWUHDPDUHDRIWKHRSHQLQJZLWKRXWHQHUJ\GLVVLSDWLQJEDUV


















 &RQILJXUDWLRQ& & & &
&URVVVHFWLRQXSVWUHDPVLGHRIJDWHRSHQLQJ >P@    
:LGWKRIEUHDNLQJORJV >P@    
1XPEHURIEUHDNLQJORJV >@    
&URVVVHFWLRQEUHDNLQJORJV >P@    
&URVVVHFWLRQEHWZHHQWKHEUHDNLQJORJV
DWGRZQVWUHDPVLGHRIJDWHRSHQLQJ >P
@    
Cross-section breaking logs  
Cross-section downstream side of gate opening
 >@    
Cross-section between the breaking logs at downstream side of gate opening 
Cross-section upstream side of gate open!"# 
 >@    
'LVWDQFHEHWZHHQEUHDNLQJORJV >P@    
*XLGHOLQHPHW"
%HHPHWDO
*XLGHOLQH  1R 1R 1R
*XLGHOLQH  <HV <HV <HV
*XLGHOLQH  1R <HV <HV
7DEOH&KDUDFWHULVWLFVWHVWHGEUHDNLQJORJVFRQILJXUDWLRQV

7KH EORFNDJH RI WKH EUHDNLQJ ORJV UDQJHV IURP   WR   1RWH WKDW QHLWKHU RI WKH WKUHH WHVWHG
FRQILJXUDWLRQVPHHWVWKHILUVWJXLGHOLQHHJWKHEORFNDJHRIWKHGRZQVWUHDPVLGHRIWKHJDWHRSHQLQJE\
WKHHQHUJ\GLVVLSDWLRQEDUVKDV WREHDW OHDVW7KH WKUHH WHVWHGFRQILJXUDWLRQVZLWKEUHDNLQJ ORJV
PHHWWKHVHFRQGJXLGHOLQHLHWKHFURVVVHFWLRQRIRSHQLQJDWWKHGRZQVWUHDPVLGHRIWKHJDWHEHWZHHQ
WKHEUHDNLQJORJVKDVWRH[FHHGWKHFURVVVHFWLRQRIWKHXSVWUHDPVLGHRIWKHJDWHRSHQLQJ&RQILJXUDWLRQ






D ORFN OHYHOOLQJ V\VWHPZLWK RSHQLQJV LQ WKH ORFN JDWH 9HUHOVW HW DO 5DPRVHW DO $ '
VNHWFKRIWKLVVFDOHPRGHOLVSUHVHQWHGLQ)LJXUH7KHORFDOUHIHUHQFHV\VWHPXVHGLQWKLVSDSHULVDOVR









7KH SK\VLFDO PRGHO UHSUHVHQWV D SDUW RI WKH XSVWUHDP UHDFK DQG D SDUW RI WKH ORFN FKDPEHU ZLWK LQ
EHWZHHQ WKH ORFN JDWH 7R UHGXFH WKH FRPSOH[LW\ RI WKH PRGHO RQO\ D JDWH SHUSHQGLFXODU WR WKH ORFN
FKDPEHUDQGRQO\RQHJDWHRSHQLQJ LQ WKH ORFNJDWH LV FRQVLGHUHG&RQVHTXHQWO\ RQO\RQH ILOOLQJ MHW LV
HQWHULQJWKHORFNFKDPEHU$OVRQRYHVVHOVDUHSUHVHQWLQWKHORFNFKDPEHU7KHZLGWKRIWKHVFDOHPRGHO






'XULQJ WKH SK\VLFDOPRGHO WHVWV WKHZDWHU OHYHO LQ WKH XSVWUHDP UHDFK DQG WKHZDWHU OHYHO LQ WKH ORFN
FKDPEHU LVPHDVXUHG XVLQJPLFURSXOVH WUDQGXFHUV IURP%DOOXII 7KH GLVFKDUJH IHHGLQJ WKH XSVWUHDP
UHDFKLVPHDVXUHGE\DQHOHFWURPDJQHWLFIORZPHWHUIURP.URKQHPRXQWHGRQWKHVXSSO\SLSH7KH9
QRWFKJDWH DW WKH GRZQVWUHDPHQGRI WKHPRGHO LV XVHGDV D FRPSOHPHQWDU\ GLVFKDUJHPHDVXUHPHQW
)ORZ YHORFLW\ PHDVXUHPHQWV VHH VHFWLRQ  ZHUH FDUULHG RXW E\ PHDQV RI DQ $'9 YHORFLW\ PHWHU
9HFWULQR3URILOHUIURP1RUWHNPDNLQJRQO\XVHRIWKHPHDVXUHPHQWVLQWKH³VZHHWVSRWV´LQRUGHUQRWWR
VXIIHU IURPWKHELDVSUREOHPVUHSRUWHGDQGH[SODLQHG LQ7KRPDVHWDO7KHVSHFLILFDWLRQVRI WKH
9HFWULQR 3URILOHU JLYH DPD[LPXP UDQJH RI  PV 7KLV UDQJH LV QRW H[FHHGHG E\ WKH WKHRUHWLFDO
PD[LPXP YHORFLW\ RI  PV 'XULQJ WHVWV KRZHYHU LW ZDV QRWLFHG WKDW GXH WR IOXFWXDWLRQV LQ WKH
PHDVXUHGVLJQDOKLJKHUYHORFLWLHVRFFXUEXWWKHVHDUHFXWRIDWPV)RUPHDVXUHGYHORFLWLHVDERYH













7DNLQJ LQWR DFFRXQW WKH DYDLODEOH VSDFH LQ WKH SK\VLFDOPRGHO D JHRPHWULFDO VFDOH IDFWRU RI ZDV
XVHGWRVFDOHWKHIRXUWHVWHGFRQILJXUDWLRQVSUHVHQWHGLQ)LJXUH&RPSDUHGWRWKHJDWHLQSURWRW\SHWKH
RSHQLQJ LQWKHJDWH LQWKHSK\VLFDOPRGHO LVVLWXDWHGPLQVFDOHPRGHOGLPHQVLRQVRUPLQ
SURWRW\SHGLPHQVLRQVWRRKLJKDERYHWKHIORRURIWKHSK\VLFDOPRGHO






WKURXJK WKHRSHQLQJ LQ WKH ORFNJDWH LQ IXQFWLRQRI WKHZDWHU OHYHOVDQG WKH UHODWLYHYDOYHRSHQLQJ7KH
GLVFKDUJHWKURXJKWKHJDWHRSHQLQJVLVFDOFXODWHGXVLQJIROORZLQJIRUPXOD
 $ = %&'2#() 
ZKHUH4 GLVFKDUJH >PñV@ GLVFKDUJHFRHIILFLHQW >@$  LV WKHFURVVVHFWLRQDODUHDRI WKHRSHQLQJ
XQGHUWKHYDOYH>P@# WKHJUDYLWDWLRQDODFFHOHUDWLRQ>PVð@DQG() WKHKHDG>P@
7KH GLVFKDUJH FRHIILFLHQW H[SUHVVHV WKH HIILFLHQF\ RI WKH OHYHOOLQJ RSHQLQJ 7KH WKHRUHWLFDO PD[LPXP
YDOXH RI WKH GLVFKDUJH FRHIILFLHQW LV HTXDO WR RQH LQGLFDWLQJ WKDW QR FRQWUDFWLRQ DQGHQHUJ\ ORVVHV DUH
SUHVHQW'XHWRFRQWUDFWLRQDQGHQHUJ\ORVVHVWKHDFWXDOGLVFKDUJHFRHIILFLHQWZLOOEHOHVV
'XULQJ WKH SK\VLFDO PRGHO UHVHDUFK WKH GLVFKDUJH FRHIILFLHQW LV VWHDG\ VWDWH PHDVXUHG IRU GLIIHUHQW
SRVLWLRQVRIWKHYHUWLFDOOLIWYDOYH\LHOGLQJDUHODWLYHRSHQLQJUDQJLQJEHWZHHQWLOOZLWKDVWHS
VL]H RI  $IWHU WKH IORZ UHDFKHG SHUIHFWO\ VWHDG\ VWDWH FRQGLWLRQV WKH GLVFKDUJH XSVWUHDPZDWHU
OHYHODQGGRZQVWUHDPZDWHUOHYHOZHUHUHFRUGHGGXULQJDSHULRGRIV)RUHDFKWHVWWKHYDOXHRIWKH
GLVFKDUJH FRHIILFLHQW LV FRPSXWHG DV D WLPHDYHUDJH RI WKH LQVWDQWDQHRXV YDOXHV GXULQJ WKLV UHFRUGLQJ
SHULRG)LJXUHDQG7DEOHSUHVHQWWKHYDULDWLRQRIWKHFRPSXWHGGLVFKDUJHFRHIILFLHQWIRUWKHIRXUWHVWHG
FRQILJXUDWLRQV LQIXQFWLRQRI WKH UHODWLYHYDOYHRSHQLQJ1RWHWKDW WKHGLVFKDUJHFRHIILFLHQW LVGHWHUPLQHG
E\XVLQJWKHGLVFKDUJHPHDVXUHGZLWKWKHHOHFWURPDJQHWLFIORZPHWHUPRXQWHGRQWKHVXSSO\WXEHDVZHOO
DVE\XVLQJ WKHGLVFKDUJHGHWHUPLQHG IURPWKHRYHUIORZKHLJKWRYHU WKHGRZQVWUHDP9QRWFKJDWH7KH
GLIIHUHQFHEHWZHHQ WKH GLVFKDUJH FRHIILFLHQW FDOFXODWHGZLWK WKH HOHFWURPDJQHWLF IORZPHWHU DQG WKH 9
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LVQHJOLJLEOHIRU UHODWLYHYDOYHRSHQLQJVEHORZ LH WKHPD[LPXPGLIIHUHQFHLV)RU WKH ORZHVW
PHDVXUHGUHODWLYHYDOYHRSHQLQJWKHGLVFKDUJHFRHIILFLHQWHTXDOVIRUWKHIRXUWHVWHG
FRQILJXUDWLRQV)RUUHODWLYHYDOYHRSHQLQJVDERYHEUHDNLQJORJVUHVXOWLQDUHGXFWLRQRIWKHGLVFKDUJH
FRHIILFLHQWEHWZHHQDQG)RU WKHYHUWLFDO OLIWYDOYHIXOO\RSHQHGWKHGLVFKDUJHFRHIILFLHQW IRU WKH
FRQILJXUDWLRQ ZLWKRXW EUHDNLQJ ORJV DPRXQWV  ZKLOH IRU WKH FRQILJXUDWLRQV ZLWK EUHDNLQJV ORJV D
GLVFKDUJH FRHIILFLHQW RI  LV REWDLQHG IRU WKH FRQILJXUDWLRQ ZLWK  EUHDNLQJ ORJV & DQG WKH
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DW6LQW%DDIV9LMYHZDV WHVWHG LQ WKH)+5SK\VLFDOPRGHO 5DPRVHWDO 'XULQJ WKHVH WHVWV WKH
GLVFKDUJHFRHIILFLHQWZDVPHDVXUHG IRU UHODWLYHYDOYHRSHQLQJV IURPWLOOIRUDFRQILJXUDWLRQ
ZLWKRXWEUHDNLQJ ORJVDQG IRUDFRQILJXUDWLRQZLWK WKUHHEUHDNLQJ ORJVSODFHG LQVLGHRURXWVLGH WKHJDWH
RSHQLQJ9DQGHU9HQHWDO FRPSDUHG&)'VLPXODWLRQVDQGSK\VLFDOPRGHO WHVWV IRUDJHRPHWU\
ZLWK WZR UHFWDQJXODU RSHQLQJV SODFHG VLGH E\ VLGH LQ D IOXPH ZLWK DQG ZLWKRXW EUHDNLQJ ORJV ,Q WKH
SK\VLFDOPRGHO WHVWV WKHGLVFKDUJHFRHIILFLHQW LVGHWHUPLQHG IRU UHODWLYHYDOYHRSHQLQJVWLOO
)LJXUH  FRPSDUHV WKH GLVFKDUJH FRHIILFLHQW SUHVHQWHG LQ )LJXUH  DQG 7DEOH  EDVHG RQ WKH






%DVHG RQ WKH FRPSDULVRQ RI WKH GLIIHUHQW SK\VLFDO PRGHO WHVWV LWV FRQFOXGHG WKDW IRU UHODWLYH YDOYH
RSHQLQJVEHORZ WKH GLVFKDUJHFRHIILFLHQW LQFUHDVHV7KHHIIHFWRIEUHDNLQJ ORJVRQ WKHGLVFKDUJH
FRHIILFLHQWLVQHJOLJLEOHIRUUHODWLYHYDOYHRSHQLQJVEHORZ$WUHODWLYHYDOYHRSHQLQJVDERYHWKH
WUHQGVEHWZHHQWKHGLIIHUHQWSK\VLFDOPRGHOWHVWVGLIIHUVRPHZKDW)RUWKHFLUFXODURSHQLQJZLWKEUHDNLQJ
ORJV WKH GLVFKDUJH FRHIILFLHQW LV PRUH RU OHVV FRQVWDQW IRU UHODWLYH YDOYH RSHQLQJV VXSHULRU WR  
:LWKRXWEUHDNLQJORJVWKHGLVFKDUJHFRHIILFLHQWGHFUHDVHVZLWKDQLQFUHDVHRIWKHUHODWLYHYDOYHRSHQLQJ




WKDWZKHQ XVLQJ RSHQLQJ LQVWHDGRI  RSHQLQJV WKH GLVFKDUJH FRHIILFLHQW GHFUHDVHVZLWK  IRU WKH
VLWXDWLRQZLWKIXOO\RSHQHGYDOYHV$GGLQJEUHDNLQJORJVUHGXFHVWKHGLVFKDUJHFRHIILFLHQWZLWKIRUD
IXOO\RSHQHGYDOYHDQGRSHQLQJVSUHVHQW
7KHPDQXDO RI WKHVRIWZDUH/RFNILOO 'HOWDUHV UHFRPPHQGV WKHXVHRI YDOXHVEHWZHHQ DQG











VLGHYLHZRI WKH IORZSDWWHUQ LQ WKH ORFNFKDPEHU LVSUHVHQWHG LQ )LJXUH  IRU WKHH[SHULPHQWVZLWK WKH
















7KH ILJXUHV LOOXVWUDWH WKDW WKH KRUL]RQWDO EUHDNLQJ ORJV HQKDQFH WKH VSUHDGLQJ RI WKH MHW LQ YHUWLFDO
GLUHFWLRQ $OWKRXJK OHVV DSSDUHQW DOVR DQ LQFUHDVH RI VSUHDGLQJ LQ WKHZLGWK RI WKH MHW FDQ EH QRWLFHG
ZKHQDGGLQJEUHDNLQJORJV,QWKHWRSYLHZYLVXDOL]DWLRQVWKHFRORULQWKHFHQWUDOSDUWRIWKHRXWIORZLVIXOO\




WRS YLHZRI WKHFRQILJXUDWLRQZLWKEUHDNLQJ ORJV &DQG WKHFRQILJXUDWLRQZLWK EUHDNLQJ ORJV &




FRQILJXUDWLRQ ZLWK  EUHDNLQJ ORJV & UHVXOWV IRU WKH IXOO\ RSHQHG YDOYH LQ DQ LQFUHDVHG VSUHDGLQJ LQ
YHUWLFDO GLUHFWLRQ LH WRZDUGV WKHZDWHU VXUIDFHDV FRPSDUHG WR WKH RWKHU FRQILJXUDWLRQVZLWKEUHDNLQJ
ORJV )RU WKH FRQILJXUDWLRQZLWK  EUHDNLQJ ORJV & DQG WKHKDOI RSHQHG YDOYH WKH ODFN RI G\H LQ WKH
ORZHUSDUWRIWKHZDWHUFROXPQLVSUREDEO\FDXVHGE\DPDOIXQFWLRQLQJRIWKHG\HLQMHFWLRQV\VWHP)RUWKH
FRQILJXUDWLRQZLWKEUHDNLQJORJV&WKHVSUHDGLQJRIWKHMHWLQWKHYHUWLFDOGLUHFWLRQWRWKHZDWHUVXUIDFH






2QHRI WKHPDLQJRDOVRI WKHSK\VLFDOPRGHOUHVHDUFK LV WRGHWHUPLQHWKHHIIHFWRIEUHDNLQJ ORJVRQ WKH
YHORFLW\ ILHOG GRZQVWUHDP RI WKH JDWH RSHQLQJ 7KHUHIRUH YHORFLW\PHDVXUHPHQWV ZHUH SHUIRUPHG LQ D









FHQWHUOLQH H[FXUVLRQ LQFUHDVLQJ ZLWK WKH GLVWDQFH IURP WKH JDWH RSHQLQJ $V D FRPSURPLVH EHWZHHQ






$OVRWKHYHORFLWLHVDUHSUHVHQWHGLQGLPHQVLRQOHVVIRUPXVLQJWKHFURVVVHFWLRQDOO\DYHUDJHGYHORFLW\8LQ WKH RSHQLQJ EHORZ WKH ORZHU HGJHRI WKH YHUWLFDO OLIW YDOYH DW WKHXSVWUHDPVLGH RI WKHJDWH DV WKH
YHORFLW\VFDOH
6LQFH8 = $/&IURPHTXDWLRQIROORZV









7KH PHDVXUHG YHORFLWLHV LQ WKH YHUWLFDO SODQH GRZQVWUHDP RI WKH RSHQLQJ DUH SUHVHQWHG LQ )LJXUH 
ZKHUHDVWKHPHDVXUHGYHORFLWLHVDORQJWKHYHUWLFDOV\PPHWU\SODQHRIWKHPRGHODUHSUHVHQWHGLQ)LJXUH
%RWKILJXUHVSUHVHQWWKHYHORFLWLHVIRUWKHIXOO\RSHQHGYDOYHDVZHOODVIRUWKHKDOIRSHQHGYDOYH7R

















WKH FRQILJXUDWLRQ ZLWKRXW EUHDNLQJ ORJV )RU WKH FRQILJXUDWLRQ ZLWK  EUHDNLQJ ORJV & WKHUH LV D
GLIIHUHQFHLQWKHIORZSDWWHUQIRU WKHIXOO\RSHQHGDQGWKHKDOIRSHQHGYDOYH)RUWKHIXOO\RSHQHGYDOYH
WKH VSUHDGLQJ RI WKH MHW LQ WKH KRUL]RQWDO GLUHFWLRQ LQFUHDVHV DQG DW ;/*  WKUHH UHJLRQV ZLWK KLJKHU
YHORFLWLHVFDQEHQRWLFHGDWWKHFHQWHUOLQHRIWKHRSHQLQJ6/* )RUWKHKDOIRSHQHGYDOYHKRZHYHU
WKHYHORFLW\SDWWHUQIRUWKHFRQILJXUDWLRQZLWKEUHDNLQJORJV& LVVLPLODUWRWKHYHORFLW\SDWWHUQVRIWKH
RWKHUFRQILJXUDWLRQVZLWKEUHDNLQJ ORJV7KHFRQFOXVLRQVRQ WKHVSUHDGLQJ LQYHUWLFDOGLUHFWLRQEDVHGRQ
WKH G\H YLVXDOL]DWLRQV VHFWLRQ  DUH UHWULHYHG LQ WKH UHVXOWV RI WKH YHORFLW\ PHDVXUHPHQWV )RU WKH












)RU WKH FRQILJXUDWLRQ ZLWKRXW EUHDNLQJ ORJV DQG WKH IXOO\ RSHQHG YDOYH WKH PD[LPXP GLPHQVLRQOHVV
YHORFLW\ RI  LVPHDVXUHGDW;/* 1RWH WKDW WKH YDOXHRI FRUUHVSRQGVZHOO WR WKH WKHRUHWLFDO
YDOXH RI    GHULYHG DERYH %H\RQG ;/*  WKH YHORFLW\ RQ WKH FHQWHUOLQH VKRZV D
FRQWLQXRXVGHFD\ZLWKDQ LQFUHDVH LQGLVWDQFH$W;/*  WKHGLPHQVLRQOHVVYHORFLW\ LV UHGXFHG WR
)RU WKH PHDVXUHPHQWV ZLWKRXW EUHDNLQJ ORJV DQG WKH KDOI RSHQHG YDOYH D PD[LPXP GLPHQVLRQOHVV








EUHDNLQJ ORJV UHGXFHV WKH YHORFLW\ )RU WKH RWKHU FRQILJXUDWLRQV WKH YHORFLW\ RQ WKH FHQWHUOLQH RI WKH
RSHQLQJIRUWKHPHDVXUHPHQWVZLWKWKHIXOO\RSHQHGYDOYHLVUHGXFHGZLWKDSSUR[ IRU
WKHFRQILJXUDWLRQZLWKEUHDNLQJ ORJV&DQGIRU WKHFRQILJXUDWLRQZLWKEUHDNLQJV ORJV&)RU WKH
FRQILJXUDWLRQZLWKEUHDNLQJORJV&DUHGXFWLRQRIDSSUR[ LVREVHUYHG1RWHWKDWLQ
)LJXUH  DQG)LJXUH  IRU WKH FRQILJXUDWLRQZLWK  EUHDNLQJ ORJV & DQG IRU WKH FRQILJXUDWLRQZLWK 
EUHDNLQJ ORJV & VRPHZKDW KLJKHU YHORFLWLHV DUH PHDVXUHG DW 6/*  DQG </+    LH D









WKH FRQILJXUDWLRQ ZLWK  EUHDNLQJ ORJV WKH YHORFLW\ LV DERXW KDOI 7KH UHGXFWLRQ RI WKH YHORFLW\ IRU WKH
FRQILJXUDWLRQZLWKEUHDNLQJ ORJV & LVPRVWSUREDEO\ OLQNHG WR WKH LQFUHDVH LQYHUWLFDOVSUHDGLQJ DV











HQHUJ\ GLVVLSDWLRQ EDUV DW WKH GRZQVWUHDP VLGH RI WKH JDWH RSHQLQJV LV UHFRPPHQGHG WR UHGXFH WKH
IRUFHVRQWKHVKLSVPRRUHGLQWKHORFNFKDPEHU6LQFHWKHVKDSLQJRIDJDWHRSHQLQJDFURVVWKHWKLFNQHVV
RIDVWHHOJDWHDQGWKHLQWHJUDWLRQRIWKHYDOYHVDUHVRPHZKDWFRXQWU\VSHFLILFLWZDVGHFLGHGWRVHWXSD
JHQHULF SK\VLFDOPRGHO DW )ODQGHUV+\GUDXOLFV5HVHDUFK $QWZHUS%HOJLXP DLPLQJDW GHWHUPLQLQJ WKH




)RXU GLIIHUHQW FRQILJXUDWLRQV KDYH EHHQ WHVWHG RQH ZLWKRXW EUHDNLQJ ORJV GHQRWHG & DQG WKUHH
FRQILJXUDWLRQV ZLWK EUHDNLQJ ORJV GHQRWHG & WR & 7KH FRQILJXUDWLRQV ZLWK EUHDNLQJ ORJV GLIIHU LQ







$'9GHYLFHDWWDFKHG WR DQDXWRPDWHG WUDYHUVH V\VWHP ,Q DGGLWLRQ WR WKH YHORFLW\PHDVXUHPHQWV IORZ
SDWWHUQVLQWKHORFNFKDPEHUZHUHDOVRYLVXDOL]HGE\PHDQVRIG\HLQMHFWLRQ:KHQDGGLQJEUHDNLQJORJV
WKH VSUHDGLQJ RI WKH ILOOLQJ MHW LQ WKH YHUWLFDO GLUHFWLRQ LQFUHDVHG DQG WKH PD[LPXP YHORFLW\ RQ WKH
FHQWHUOLQH RI WKH LQOHW RSHQLQJ LV UHGXFHGZLWK WRGHSHQGLQJRQ WKH JHRPHWU\RI WKHEUHDNLQJ
ORJV 7KH ORZHVW YHORFLWLHV ZHUH DFKLHYHG ZLWK WKH FRQILJXUDWLRQ ZLWK WKH OHDVW EORFNDJH RI WKH JDWH
RSHQLQJ DW WKH GRZQVWUHDP VNLQ SODWH LH WKH FRQILJXUDWLRQ ZLWK WKUHH EUHDNLQJ ORJV 7KH UHVHDUFK
















9DQGHU9HQ 33'9DQ9HO]HQ*2¶0DKRQH\ 76''H/RRU$ &RPSDULVRQ RI VFDOHPRGHO
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